Introduction
[2] The ocean has taken up $50% of anthropogenic CO 2 emissions and thus slowed the accumulation of anthropogenic CO 2 in the atmosphere, but the strength of the ocean sink is likely to diminish in the future [Sabine et al., 2004] . Many aspects of oceanic CO 2 uptake, including its magnitude, where it occurs, and by which mechanisms, are poorly understood and limit our ability to predict the strength of the ocean sink in the future. It has been suggested that continental shelf systems contribute disproportionately to the oceanic uptake of CO 2 , for example, large uptake fluxes have been estimated based on observations for the East China Sea [Tsunogai et al., 1999] , the Chukchi Sea [Bates, 2006] , the North Sea [Thomas et al., 2004] and the Middle Atlantic Bight (MAB) [DeGrandpre et al., 2002] . Two recent compilations of observational estimates document that variability in coastal CO 2 fluxes is large, but suggest a general pattern of mid-and high-latitude systems acting as sinks of atmospheric CO 2 , while subtropical and tropical regions act as sources [Cai et al., 2006; Borges et al., 2005] . Borges et al. [2005] and Cai et al. [2006] arrive at different global estimates of continental shelf uptake (0.45 Pg C yr À1 versus 0.22 Pg C yr À1 , respectively), illustrating the large uncertainty in extrapolations from local to global estimates.
[3] Different mechanisms have been suggested to drive the enhanced CO 2 uptake in shelf systems and are collectively referred to as the continental shelf pump (CSP). The large uptake estimates for the Chukchi Sea and the North Sea were attributed to a biological CSP mechanism by which production of organic matter results in CO 2 undersaturation in the surface, driving uptake of CO 2 , and subsequent sinking and export of organic matter off the shelf [Bates, 2006; Thomas et al., 2004] . This allows for the biologically-fixed carbon to be transported to the deep ocean and protected from re-exposure at the surface with subsequent winter mixing. The mechanism thus depends on the horizontal transport (advection and mixing) of organic matter, which is hard to observe or quantify directly. Here we use a coupled physical-biogeochemical model to estimate the uptake of atmospheric CO 2 , quantify the biologically driven fraction of this uptake, and estimate the horizontal export of organic matter off the shelf for the northeastern North American continental margin.
Model Description
[4] Our model is a high-resolution implementation of the Regional Ocean Modeling System (ROMS, http://www. myroms.org) [Haidvogel et al., 2008] for the continental shelf area of the North American east coast and adjacent deep ocean. The model has a horizontal grid resolution of approximately 10 km, and uses 30 vertical layers in a terrain-following s-coordinate system. We specified the model's open boundary temperatures, salinities and transports from the data-assimilative Hybrid Coordinate Ocean Model (HyCOM, http://hycom.org) of Chassignet et al. [2007] and augmented the HyCOM open boundary transports with barotropic tides from the global analysis of Egbert and Erofeeva [2002] . HyCOM temperatures and salinities were biased compared to the Hydrobase climatology [Lozier et al., 1995] so this bias was removed by adjusting the HyCOM temporal mean to match Hydrobase. These modified HyCOM values determine the ROMS open boundary conditions. We forced the model with air temperature, pressure, humidity and winds from the daily NCEP reanalysis [Kalnay et al., 1996] using bulk formulae [Fairall et al., 2003] .
[5] The biogeochemical model consists of the nitrogen cycle model with parameterized sediment denitrification described by Fennel et al. [2006] [Zeebe and Wolf-Gladrow, 2001] . DIC and alkalinity are thus included as active tracers (i.e., they are advected and diffused by the physical model), while pCO 2 , the carbon variable relevant for air-sea gas exchange of CO 2 , is calculated in the surface model layer only. Local changes in DIC occur due to primary production, respiratory processes and gas exchange at the air-sea interface. We parameterized gas exchange following Wanninkhof [1992] and initialized DIC and alkalinity using the T-and S-dependent relationships derived by Lee et al. [2000] and Millero et al. [1998] , respectively. Nitrogen and organic carbon inputs from rivers were prescribed to match the annual mean values from a watershed analysis [Dumont et al., 2005] , but were modulated by monthly freshwater fluxes observed at US Geological Survey gauging stations.
Riverine alkalinity values were determined using Millero et al.'s [1998] relationship for S = 0; DIC was assumed to be in equilibrium with atmospheric values of CO 2 in the river sources. We ran the model for the years 2004 and 2005 after a six-month spin-up period that started in June 2003. This simulation is identical to the implementation by Fennel et al. [2008] and we refer to it below as the baseline simulation.
[6] We then ran one-year simulations, initialized with fields for January 1, 2004 and 2005, with all biological sources and sinks of DIC and alkalinity disabled (which we refer to as no-bio simulations) and estimated the fraction of air-sea CO 2 flux directly attributable to biological processes from the difference between the baseline flux and the no-bio flux. In order to quantify the horizontal export of organic carbon off the shelf, we calculated the horizontal divergence of organic carbon. Specifically, we calculate integrals of the vertically integrated divergence of organic carbon (À R R r Á (uC) dz dt where u is the three-dimensional velocity, C is the concentration of organic carbon, z is depth, and t is time) for each model grid cell. The vertical integral is over the whole water column; the temporal integral is over the calendar years 2004 and 2005 . By further integrating these divergences spatially we infer the net export of organic carbon for the shelf regions shown in Figure 1 .
Results
[7] Here we focus on the simulated air-sea CO 2 fluxes, the relative contribution of biological processes to this flux and the off-shelf transport of organic carbon. It has been shown by Fennel et al. [2008] that simulated surface pCO 2 agrees with available observations in the MAB and that the biological model component predicts primary production and spatial and temporal patterns in surface chlorophyll realistically.
[8] Four representative snapshots (Figure 2 ) of the modeled pCO 2 difference between the atmosphere and ocean surface illustrate the magnitude and direction of the air-sea flux of CO 2 . The air-sea fluxes are driven by two major processes: changes in the solubility of CO 2 due to changes in ocean temperature, and production and respiration of organic matter, which decreases/increases the concentration of dissolved inorganic carbon (DIC). Changes in salinity and alkalinity also affect the seawater pCO 2 and thus the airsea flux, but these effects are of second-order importance. In February, the model predicts uptake of atmospheric CO 2 across the whole domain, with the largest fluxes in the Figure 1 . Model bathymetry (grayscale) overlain by subregions (color) that we used for spatial integration. NS&GB represents the tidally mixed area, which includes Nantucket Shoals and Georges Bank. GOM refers to the Gulf of Maine. SS represents the Scotian Shelf. We combined the narrow regions MAB shelf break and SS shelf break with the adjacent slope water regions for spatial integration and refer to the combined regions as MAB SB + SW and SS SB + SW. Figure 2 . Snapshots of the simulated pCO 2 difference between the atmosphere and surface ocean for the baseline simulation. Positive values indicate uptake of atmospheric CO 2 by the ocean. coastal regions mostly driven by increases in solubility due to cooling. In May, DIC is strongly undersaturated in the Gulf of Maine and on the Scotian Shelf due to carbon uptake during the spring bloom, resulting in large uptake of atmospheric CO 2 . In August, CO 2 is released in most of the domain as solubility decreases during warming and due to respiration of organic matter. Again the largest fluxes occur on the shelf. In November, the CO 2 flux has switched back to uptake in the Gulf of Maine (GOM) and on the Scotian Shelf (SS) where winter cooling has begun, but not yet on Georges Bank (GB) and in the MAB.
[9] We integrated the modeled air-sea flux of CO 2 and the horizontal divergence of organic carbon spatially for the regions shown in Figure 1 and in time for the years 2004 and 2005; we also calculated the fraction of the air-sea CO 2 flux driven by biological processes by difference with the no-bio model as described in section 2. These results are shown in Table 1 . In both years the simulated uptake in the MAB is only about a third of the uptake in the NS&GB + GOM and SS regions. ) is roughly equal to the smaller, tidally mixed region that combines Nantucket Shoals and Georges Bank and has simulated annual uptakes of 9.7 Â 10 10 and 4.9 Â 10 10 mol C yr [11] In the stratified MAB, the majority of carbon uptake is supported by biological processes ($90% and $60% in 2004 and 2005, respectively) compared to between onefourth and one-half in the NS&GB + GOM and SS regions. The shelf regions are in strong contrast to the slope water regions MAB SB + SW and SS SB + SW, where only 3% and 27% of CO 2 uptake are supported by biological processes. The amount of organic carbon removed from the sub-regions by physical transport processes (i.e., the horizontal divergence of organic carbon) accounts for about half of the CO 2 uptake in the MAB, but smaller fractionsbetween approximately one-third and one-sixth-in the NS&GB + GOM and SS regions. It is roughly similar for the MAB and SS, but double for the NS&GB + GOM region. The organic carbon divergence is shown in spatially explicit form in Figure 3 , which illustrates that organic carbon export is highly localized in a narrow strip along the shelf break, but greatly enhanced along the shelf break of Georges Bank, probably due to tidal mixing.
[12] The simulated uptake of atmospheric CO 2 in the slope water regions varies between 0.78 and 1.77 mol C m À2 yr À1 which is comparable to the values between 1 and 2 mol C m À2 yr À1 estimated by Takahashi et al. [2009] for this region. When comparing air-sea CO 2 fluxes between the shelf and adjacent slope water regions it appears that the simulated uptake normalized by area is similar between the MAB and MAB SB + SW regions. The simulated uptake for the SS SB + SW regions is similar to the uptake in the NS&GB + GOM, but smaller than on the SS. However, the mechanisms for carbon uptake between the shelves and adjacent slope regions are different with a much smaller contribution of biological processes in the slope regions.
Discussion and Conclusions
[13] We have presented model-based estimates of air-sea CO 2 flux, of the fraction of this flux that is driven by Positive air-sea fluxes are into the ocean. The biologically driven fraction of the air-sea flux was calculated by differencing the baseline and the no-bio simulations (as described in section 2). All other fluxes are for the baseline simulation. Figure 3 . Spatial distribution of depth-integrated horizontal divergence of carbon (annual average for 2004) diagnosed from the baseline simulation. The boundaries of the sub-regions that we used for spatial integration (Table 1) are shown by the black lines.
biological processes, and of organic carbon transport for the eastern seaboard of North America. The latter two of these estimates would be very difficult to observe directly. Our estimates suggest that a latitudinal gradient exists with increasing area-normalized CO 2 uptake by the coastal ocean from the MAB, via Georges Bank and the Gulf of Maine to the Scotian Shelf. This gradient is coincident with a decrease in the relative contribution of biologically driven uptake. CO 2 uptake is enhanced over Georges Bank, as is the export of organic carbon (measured by its horizontal divergence), compared to the stratified shelf regions of the MAB and Scotian Shelf. It appears that tidal mixing, which is also responsible for the high levels of primary production observed on Georges Bank, enhances biologically driven carbon export in this region. This is in contrast to the North Sea where tidal mixing was observed to contribute to netoutgassing of CO 2 from the ocean [Thomas et al., 2004] .
[14] Our simulations suggest that the annual area-normalized uptake of atmospheric CO 2 in the shelf regions is not systematically larger than in the adjacent deep ocean regions. It appears that the horizontal export of water enriched in carbon is not large enough to drive a significant Continental Shelf Pump for the eastern margin of North America. While simulated uptake is larger on the shelf during winter and spring, simulated outgassing during the summer and fall is also larger on the shelf, leading to net annual fluxes roughly similar to those in the adjacent deep ocean regions. However, the mechanisms driving carbon export are qualitatively different between the shelf and the open ocean. On the shelf, vertical sinking of organic matter below the seasonal pycnocline is not sufficient for carbon export since subsequent winter mixing re-exposes this carbon at the surface; instead waters enriched in organic and inorganic carbon have to be transported horizontally across the shelf break. Export of organic matter off the shelf is simulated to occur only in a narrow band along the shelf break. Assuming that the horizontal divergence of organic carbon for the MAB (Table 1 ) equals export across the shelf edge, this would amount to $50 Â 10 6 mol C yr À1 per km of along-shelf distance. The length of the shelf edge may be a more useful predictor of biological carbon export than the shelf area per se for coastlines that share the MAB characteristics of a broad, shallow continental shelf, bounded by a shelf-break density front. In addition to the region considered here, Loder et al. [1998] suggest other coasts in this category include West Florida, the northern Gulf of Mexico, South Brazil, and the South China Sea.
